Abstract
c tional superconductors, the peak effect was theoretically explained a long time ago by Larkin and w x Ovchinnikov 1 , while in high T superconductors c like untwinned YBCO, it is generally believed that the peak is due to softening of the shear mode just before the first order melting transition of the vortex Ž . w x lattice VL takes place 2 . However, recently, another peak in critical current in YBCO has been discovered on a line almost parallel to the T-axis starting from the melting line at H ; 9 T and continuing to lower temperatures. First it appeared only as w x a ''fishtail'' in magnetization hysteresis loops 3-5 ; but recently, a direct measurement of the critical w x current 6 clearly established a line presumably cor-) Corresponding author. National Center for Theoretical Sciences, National Chiao Tung University, Hsinchu 30043, Taiwan. Ž E-mail address: baruch@vortex1.ep.nctu.edu.tw B. Rosen-. stein .
responding to some transition in vortex matter. As a Ž . possible explanation, the transition or crossover Ž . from the topologically ordered Bragg glass to vor-Ž . w x tex glass or pinned liquid was proposed 7-10 .
Independently from these findings, both experimental and theoretical advances indicated that in YBCO there is a structural phase transition in VL: ''distorted'' hexagonal lattice stable at lower magnetic fields transforms into the square lattice oriented at the angle of q s 458 with respect to the crystallow x graphic 100 axis at higher fields. Experimental evidence for a significantly distorted hexagonal phase Ž . comes from scanning tunneling spectroscopy STM w x Ž . 11 and small angle neutron scattering SANS w x 12,13 . Theoretical evidence comes from the deriva-Ž . tion of the d-wave Ginzburg-Landau GL equations w x from certain microscopic models 14-16 . The thew x ory was simplified by Franz et al. In this note we explain the second line of peaks by softening of the ''squash'' elastic mode of VL on the line of the structural phase transition. All the relevant elastic moduli of VL around the phase transition are calculated. We find that the characteristic width of vortex bundles depends on orientation. This leads to a prediction that the peak current for w x orientations along the crystallographic axes 100 and w x w x 010 is smaller then for orientations along 1,1,0 ' w x and 1,1,0 by a factor of 2 .
We start with a description of the structural phase transition in VL and an estimate of its location on the phase diagram of untwinned YBCO. Qualitatively, anisotropy of the gap functions, in both the Ž . d-wave the dominant component and the s-wave channels, leads to asymmetric four-lobe shape of w x vortex cores 14-16 . This, in turn, causes VL to prefer the square arrangement. The asymmetric features are most prominent closer to H where the c2 core is more important, but even away from the H c2 line, the asymmetry of vortices still distorts the usual hexagonal VL as was clearly demonstrated in experiw x ments 11-13 .
We employ a simplified formulation of GL theory for four-fold symmetric superconductors using only Ž . w x one d-wave order parameter field c 17-20 . The free energy in addition to usual GL terms contains a term describing anisotropy:
Ž .
ant derivative and e U is the charge of the Cooper pair. The material parameter´quantifies the deviation from the exact rotational symmetry. The last term is the only four-derivative term, which is fourfold symmetric and violates rotational symmetry. We assume that magnetic field is in the c-direction and Ž is constant far enough from H this is a good c1 . approximation since k 4 1 . At certain value oft here is a phase transition from distorted hexagonal to a more symmetric square lattice first noticed in Ž . simulations using the two-field d and s formulaw x tion 25,26 . The present formulation was shown w x 19,20 to be essentially equivalent to the two-field one. However, it contains just one parameter´char-acterizing the anisotropy and is simple enough to avoid numerical methods in the relevant regions of the phase diagram.
It The line of the structural phase transition in VL is parallel to the T axis and goes at certain H s str Ž U . h r´m e . We estimate this field using input of c ab w x q s 53.5 " 0.58 for H s 2T 12,13 that for the sample of 6 H ( 6T. str Using thermodynamic arguments, we calculate all the relevant non-dispersive elastic moduli. The only w x modulus that has a dispersion 27,30 , the tilt modulus c , is not changed significantly compared to the 44 usual case without the asymmetry term. In order to obtain all the 2D elastic moduli of the flux line lattice, we first choose a particular form of distortion and then express the excess free energy corresponding to this distortion in terms of elastic moduli. We obtain following two useful combinations of the four elastic moduli: the shear c and the ''squash'' 66 c ' c q c y 2 c . sq 11 22 12 ( )The dependence of the shear modulus on anisotropy is weak. On the other hand, the squash modulus < < vanishes on the transition line linearly in h y h . It c is noteworthy that above and below the point h s h c the coefficients are different:
This is similar to the behavior of the soft moduli at structural phase transitions in solids. Because of vanishing of squash elastic modulus of VL we expect some anomalies in physical properties of the superconductor. For example, vanishing of an elastic modulus in the ferroelastic phase transitions in usual crystals manifests itself via softening of the speed of corresponding branch of the sound. Below we argue that in our case, a peak in critical current should appear once one crosses the transition line.
To determine critical current j we use the ''dyc w x namical approach'' 28-30 . The VL equation of motion:
Ž . < Ž where f u s cos u q pr4 q cos u y .< 3r2 pr4
. Therefore, the critical current along the crystalline axes a or b is smaller by factor of and U is the depth of an individual pinning poten-0 w x tial. As in the melting peak effect 28,29 , the effect of thermal depinning is taken into account by an Ž . y11r2 additional factor 1 q TrT where T is the dp dp depinning temperature. To determine the applicability region of the elasticity theory, we calculate the correlation length which is the most important characteristics of the mixed state in the collective pinning theory. It is ² 2 Ž .: deduced from the displacement correlator u r w x 30 is given by:
where G k is the elastic Green's function. To plane it depends on the angle f that n makes witĥ w x the crystallographic direction 100 :
Ž . Ž .
Ž . 
